Repair of dsDNA breaks requires processing to produce 39-terminated ssDNA. We biochemically reconstituted DNA end resection using purified human proteins: Bloom helicase (BLM); DNA2 helicase/nuclease; Exonuclease 1 (EXO1); the complex comprising MRE11, RAD50, and NBS1 (MRN); and Replication protein A (RPA). Resection occurs via two routes. In one, BLM and DNA2 physically and specifically interact to resect DNA in a process that is ATP-dependent and requires BLM helicase and DNA2 nuclease functions. RPA is essential for both DNA unwinding by BLM and enforcing 59 / 39 resection polarity by DNA2. MRN accelerates processing by recruiting BLM to the end. In the other, EXO1 resects the DNA and is stimulated by BLM, MRN, and RPA. BLM increases the affinity of EXO1 for ends, and MRN recruits and enhances the processivity of EXO1. Our results establish two of the core machineries that initiate recombinational DNA repair in human cells.
dsDNA breaks (DSBs) are generated by exogenous agents such as ionizing radiation and mutagenic chemicals. In addition, they arise endogenously from oxidative damage and replication fork collapse, and as programmed events during meiosis and immunoglobulin diversity generation (Wyman and Kanaar 2006) . Regardless of their source, DNA breaks can lead to cell death if not repaired. In eukaryotes, two distinct pathways function to repair DSBs: nonhomologous end-joining and homologous recombination. Whereas the former mediates direct religation of broken ends, the latter uses the information from the undamaged homolog or sister chromatid to repair the break.
The homology-directed repair of DSBs is a multistep process requiring the activities of numerous proteins that act in a concerted fashion to re-establish the broken connection (Wyman and Kanaar 2006) . Resection is one of the earliest steps of recombinational DNA repair, and is facilitated by nucleases and/or helicases that generate ssDNA. In Escherichia coli, DNA end resection is mediated by either RecBCD enzyme (Dillingham and Kowalczykowski 2008) or RecQ (a 39 / 59 helicase) and RecJ (a 59 / 39 nuclease) (Lovett and Kolodner 1989; Harmon and Kowalczykowski 1998; Handa et al. 2009 ). In vivo studies from Saccharomyces cerevisiae have identified two distinct pathways that act redundantly to generate long (>1-kb) resection products (Gravel et al. 2008; Mimitou and Symington 2008; Zhu et al. 2008) : One pathway requires Exonuclease 1 (Exo1), a 59 / 39 dsDNA-specific nuclease originally identified in Schizosaccharomyces pombe (Szankasi and Smith 1992) , and the other requires Sgs1 (a RecQ homolog) (Gangloff et al. 1994) and Dna2 (an ssDNA helicase/nuclease) (Budd et al. 2000) . In addition, a third pathway with limited resection capability (less than a few hundred nucleotides), although sufficient for gene conversion, requires the activities of the Mre11-Rad50-Xrs2 complex (MRX) and Sae2 (Mimitou and Symington 2008; Zhu et al. 2008) . MRX and Sae2 are not essential for the processing of breaks that have free ends (Llorente and Symington 2004) , but are essential when the DNA breaks have covalent modifications or bulky adducts attached to the ends (Moreau et al. 1999; Gravel et al. 2008; Hartsuiker et al. 2009 ). The functions of the human homologs of yeast MRX and Sae2 (MRN and CtIP) are also essential for processing blocked DNA ends (Sartori et al. 2007; Buis et al. 2008) . Recently, the Sgs1/Dna2 pathway has been biochemically reconstituted in vitro, verifying the in vivo findings, revealing an essential requirement for Replication protein A (RPA), and establishing a stimulatory function for MRX (Cejka et al. 2010a; Niu et al. 2010) .
The identities of the DNA helicases and nucleases that are involved in DSB processing in humans are not yet as clearly defined as in yeast. This ambiguity exists, in part, because there are many candidate proteins. Although there are five RecQ homologs (Bloom helicase [BLM] , Werner helicase/nuclease [WRN] , RECQ1, RECQ4, and RECQ5) (Chu and Hickson 2009) , convincing evidence implicates BLM in resection (Gravel et al. 2008; Nimonkar et al. 2008) . The human ortholog of yeast Exo1 is EXO1 (or HEX1) (Schmutte et al. 1998; Tishkoff et al. 1998; Wilson et al. 1998) . In human cells, depletion of either BLM or EXO1 using siRNA has no effect on camptothecin sensitivity, but codepletion results in increased sensitivity to camptothecin and impairment of RPA repair focus formation, indicative of a failure to produce ssDNA at the break (Gravel et al. 2008) . Biochemical results indicate that EXO1 can act alone, but is stimulated by BLM to mediate DNA end resection without the need for the helicase activity of BLM (Nimonkar et al. 2008) . Taken together, these findings suggest that BLM may function in two pathways: a stimulatory but nonessential role in conjunction with EXO1, and an essential but EXO1-independent role in combination with another nuclease. Although the identity of the nuclease that functions with BLM is unknown, on the basis of the yeast paradigm wherein Dna2 acts with the BLM ortholog, Sgs1 (Zhu et al. 2008) , it can be hypothesized that the human homolog of Dna2, DNA2, may be the candidate nuclease. Human DNA2 displays a weak helicase activity, possesses a bipolar nuclease activity that can endonucleolytically degrade ssDNA with either a free 39 or 59 end, and plays an important role in DNA replication (Kim et al. 2006; Masuda-Sasa et al. 2006) . Furthermore, recent work established that depletion of DNA2 results in chromosomal aberrations that are manifest as aneuploidy and the generation of internuclear chromatin bridges (Duxin et al. 2009 ). Although not much is known regarding the role of DNA2 in human DNA repair, it has been identified as a major DSB processing activity in Xenopus egg extracts (Liao et al. 2008; Wawrousek et al. 2010) .
Thus, although recent genetic and biochemical studies have provided much information regarding the proteins involved in DSB repair in yeast, the process of DNA end resection in humans remains unclear. Here, using purified human proteins to reconstitute key elements of DNA resection in vitro, we show that BLM and DNA2 interact functionally and physically to form a core complex that resects DNA in the 59 / 39 direction in the presence of human RPA, and that MRN can enhance BLM-and DNA2-mediated resection. In addition, we demonstrate that MRN and RPA, as well as BLM (Nimonkar et al. 2008) , stimulate the nuclease activity of EXO1. Our results define distinct roles for these proteins in DSB processing, and provide a mechanistic framework for understanding their role in recombinational DNA repair.
Results

BLM and DNA2 resect dsDNA
In vivo analyses in S. cerevisiae revealed that Sgs1 and Dna2 act together to mediate DNA end resection (Zhu et al. 2008) . In vitro, the two proteins interact to form a core complex that promotes ATP-dependent processing of DNA ends (Cejka et al. 2010a; Niu et al. 2010) . To determine whether the human orthologs of these two proteins perform a similar function, we tested the ability of BLM and DNA2 to resect dsDNA. We used three different substrates: a 2.7-kb plasmid-length DNA generated by linearization of pUC19, a 324-base-pair (bp) dsDNA fragment generated by PCR, and a 50-bp dsDNA fragment generated by annealing complementary oligonucleotides.
We first examined resection of the plasmid-length dsDNA that was labeled at the 59 or 39 end with 32 P. Figure  1A shows that BLM could unwind the linear 2.7-kb substrate to produce ssDNA (lanes 2,7). Unwinding required RPA (Supplemental Fig. S1A,B ; Brosh et al. 2000) and was less efficient at higher Mg 2+ concentrations (Supplemental Fig. S1C,D) , behaviors that are also manifest by the bacterial and yeast orthologs (Harmon and Kowalczykowski 2001; Cejka and Kowalczykowski 2010) . Addition of DNA2 to reactions containing BLM and RPA led to disappearance of the 59-end-labeled substrate (Fig. 1A, lanes 3,4) . In the case of the 39-end-labeled substrate, processing by BLM and DNA2 generated resection intermediates that appeared both just below the substrate and below the ssDNA unwinding product (Fig. 1A, lanes 8,9) , and the extent of resection increased with time (Supplemental Fig. S1E, . In the absence of BLM, DNA2 and RPA showed no activity on this substrate (Fig. 1A , lanes 5,10; Supplemental Fig. S1E, lane 9) . We also examined processing of the shorter 59-or 39-end-labeled 324-bp duplex DNA, and similar results were obtained (Supplemental Fig. S1F ). These data show that BLM and DNA2 can resect dsDNA ends, and collectively suggest that resection occurs on one strand, with a 59 / 39 polarity.
RPA enforces 59 / 39 resection by BLM and DNA2
To establish the direction of resection by DNA2, we examined cleavage of a forked DNA substrate labeled at 59 or 39 ends (Fig. 1B) . Because the fork simulates partially unwound DNA, BLM was omitted from the analysis. With the 59-end-labeled fork, a faster-migrating species consistent with cleavage of the labeled strand was observed (Fig.  1B, lanes 2-4) . Correspondingly, with the 39-end-labeled substrate, a product consistent with cleavage of the unlabeled strand was seen (Fig. 1B, lanes 5-7) ; unwinding of the 31-bp duplex region was not detected. We also analyzed the cleavage products by denaturing polyacrylamide gel electrophoresis (Supplemental Fig. S2A ). The data show that, whereas the 59-end-labeled strand was cleaved (Supplemental Fig. S2A , lane 2), the 39-end-labeled strand stayed intact (Supplemental Fig. S2A, lane 3) . The ssDNA product was ;20 nucleotides (nt), indicating that DNA2 endonucleolytically cleaves the ssDNA arm near the junction with dsDNA, consistent with published data (Masuda-Sasa et al. 2006) . These results show that DNA2 resects DNA with a strict 59 / 39 polarity in our assays.
Although the polarity of degradation by DNA2 displayed the bias expected from physical analysis of resection in vivo, it was nonetheless surprising given that DNA2 can degrade both 59-and 39-ssDNA tails of forked DNA (Masuda-Sasa et al. 2006) . However, the nucleolytic behavior of DNA2, both human and yeast, is modulated by the cognate RPA (Bae et al. 2001; Masuda-Sasa et al. 2006 Cejka et al. 2010a; Niu et al. 2010) . Consequently, we examined the role of RPA in resection by DNA2. In the absence of RPA, both ssDNA tails of the forked DNA substrate were cleaved by DNA2 (Fig. 1C, lanes 1-4) ; however, in the presence of RPA, DNA2 selectively promoted cleavage of the 59 tail (Fig. 1C, lanes 9-12) . E. coli SSB failed to have the same effects and, on the contrary, was inhibitory to DNA2-mediated cleavage (Fig. 1C , lanes 5-8). To further confirm the observed degradative bias, we tested DNA substrates containing 59 or 39 flaps that had been used previously to characterize DNA2. Supplemental Figure S2B shows that DNA2 can cleave 59 as well as 39 flaps in the absence of RPA (lanes 4,10). In its presence, however, RPA blocks degradation of the 39-ssDNA flap (Supplemental Fig. S2B , lanes 11-13) but stimulates degradation of the 59-ssDNA flap (Supplemental Fig. S2B , lanes 5-7). We therefore conclude that, even though DNA2 has the intrinsic capacity to degrade both 59-and 39-terminated ssDNA, RPA enforces a degradation bias that results in a unique polarity of nucleolytic action in the 59 / 39 direction.
The helicase activity of BLM and the nuclease activity of DNA2 are essential for resection
We next examined the contributions of BLM and DNA2 helicase activities in the resection process. We used a 50-bp dsDNA substrate to more accurately quantify DNA unwinding and resection. In the presence of RPA, BLM unwound this DNA ( Fig. 2A, lanes 2-4) , but DNA2 alone neither unwound nor degraded it ( Fig. 2A, lane 20) . However, DNA2 degraded this substrate when BLM was present to unwind the DNA ( Fig. 2A , lanes 5-7; Supplemental Fig.  S3A ), consistent with the results obtained with the plasmid DNA (Fig. 1A) . Omitting RPA decreased substrate unwinding and processing by BLM and DNA2 (Supplemental Fig.  S3B , lane 3 vs. lane 7).
To unambiguously determine the function of BLM helicase, we replaced wild-type BLM with its helicase-dead counterpart (K695R) (Bugreev et al. 2007 ). As reported, BLM (K695R) failed to unwind DNA ( Fig. 2A, lanes  8-10) . Importantly, BLM (K695R) also failed to stimulate degradation of dsDNA by DNA2 ( Fig. 2A , lanes 11-13), even when the mutant helicase was present at a fivefold higher concentration than wild-type BLM. These data indicate that DNA unwinding is essential for DNA2-mediated resection of dsDNA ends.
To define the functions of the nuclease and helicase activities of DNA2 in resection, we substituted DNA2 with its nuclease-dead (D294A) or helicase-dead (K671E) counterpart. Whereas the nuclease-dead mutant (D294A) failed to resect DNA in the presence of BLM (Fig. 2C, lane 4) , the helicase-dead mutant (K671E) did (Fig. 2C, lane 3) , establishing that resection is due to the intrinsic nuclease activity of DNA2.
Stimulation of DNA end resection by DNA2 is specific to BLM, and results from a direct interaction between the two proteins To determine whether the resection by BLM and DNA2 is specific to these two human proteins, we substituted other helicases. We first examined E. coli RecQ. DNA unwinding by RecQ is sensitive to the free Mg +2 concentration (Harmon and Kowalczykowski 1998) and, under the conditions here, an approximately fivefold higher protein concentration was required for unwinding compared with BLM ( Fig. 2A [cf. lanes 2-4 and 14-16], 2B). Importantly, DNA2 did not efficiently degrade dsDNA when RecQ replaced BLM ( Fig. 2A, lanes 17-19) ; in fact, DNA2 inhibited the helicase activity of RecQ ( Fig. 2A, lanes 14-19) .
We next substituted BLM with other RecQ homologs: human RecQ4, RecQ5, or WRN, or S. cerevisiae Sgs1. Previously, we demonstrated that the human helicases were functional (Nimonkar et al. 2008) . However, at these concentrations, none of the other human helicases could significantly unwind blunt-ended DNA (Supplemental Fig.  S3C ,D) as reported previously (Mohaghegh et al. 2001; Garcia et al. 2004; Rossi et al. 2010) . As a consequence, none supported DNA degradation by DNA2 (Supplemental Fig. S3C,D) , even though some degradation by WRN nuclease was evident.
Finally, when Sgs1 was directly substituted for BLM, unwinding of the 50-bp DNA was initially not detectable (Fig. 2D , lane 4), and addition of DNA2 resulted in much less resection than the BLM-DNA2 reactions (Fig. 2D , cf. lanes 5 and 3). Sgs1 is a vigorous helicase in the presence of RPA (yeast or human) (Supplemental Fig. S3E ), but is less active at the elevated Mg 2+ concentration (5 mM) used here (Cejka et al. 2010a; Cejka and Kowalczykowski 2010) . When examined at a lower concentration of Mg 2+ in the presence of human RPA, both unwinding by Sgs1 and resection by Sgs1 and human DNA2 was evident (Fig. 2D , lanes 6,7, respectively). Thus, even though bacterial RecQ is unable to stimulate resection by DNA2, yeast Sgs1 can.
The relatively specific stimulation of DNA2 by BLM and its closely related ortholog, Sgs1, suggested the existence of a physical interaction between the two proteins. To test this possibility, pull-down experiments with the purified proteins were performed. We used Ni-NTA magnetic beads, exploiting the presence of a C-terminal His 6 tag on BLM. The data show that DNA2 is pulled down only when BLM was bound to the beads (Fig. 2E, lanes 3-5) , demonstrating that the two proteins interact physically. We verified that the association between the two proteins is direct, and not mediated via DNA, by confirming the pull-down results in the presence of benzonase, a nuclease that degrades all forms of DNA and RNA (Fig. 2E, lanes 6-8) . This direct association between BLM and DNA2 is evolutionarily conserved because yeast Sgs1 and Dna2 also interact physically in a DNA-independent manner (Cejka et al. 2010a) .
In support of these in vitro findings, BLM was shown previously to interact with yeast Dna2 by coimmunoprecipitation in vivo and to suppress the DNA damage and temperature sensitivity of dna2 cells (Imamura and Campbell 2003) . In agreement, we saw that yeast Dna2 can resect DNA in conjunction with BLM in vitro (Fig. 2F , lane 4), demonstrating biochemical cooperation between the two noncognate pairs. The ability of both BLM and Sgs1 to interact with both DNA2 orthologs suggests a conserved interaction interface. The direct interaction between the two proteins suggests that they act in a concerted fashion wherein unwinding by BLM and cleavage by DNA2 are coupled.
MRN stimulates resection by BLM-DNA2-RPA by recruiting BLM to DNA ends
The MRN/MRX complex is one of the earliest proteins to bind dsDNA breaks (Stracker et al. 2004) , and both genetic and biochemical analyses from yeast show that MRX recruits other nucleases to the DNA ends (Llorente and Symington 2004; Mimitou and Symington 2008; Zhu et al. 2008; Cejka et al. 2010a; Niu et al. 2010) . Consequently, we tested the effect of MRN on the resection of 39-end-labeled dsDNA (2.7 kb) by BLM and DNA2; to detect any possible stimulatory effects, the concentration of RPA was halved to a suboptimal concentration to limit BLM helicase activity. MRN by itself had neither helicase nor nuclease activity (Supplemental Fig. S4A, lane 2) . However, MRN greatly stimulated DNA unwinding by BLM (Fig. 3A, lanes 1-3) ; the stimulation of unwinding was dependent on MRN concentration and was about fourfold at saturating MRN (;5 nM) (Supplemental Fig. S4B ). MRN also substantially stimulated DNA resection by BLM and DNA2 (Fig. 3A, lanes 4-6) , as measured by disappearance of intact DNA and formation of products smaller than the unwound ssDNA (Fig. 3A , cf. lanes 2,3 and 5,6). Finally, MRN had no effect on DNA2 alone (Fig. 3A, lanes 7-9) , eliminating the possibility that resection is an additive consequence of these two nucleases. These data showed that MRN exerts its stimulatory effect on resection by BLM and DNA2 by primarily enhancing the ability of BLM to unwind DNA.
Yeast Mre11 interacts with and recruits Sgs1 to DNA ends (Chiolo et al. 2005; Cejka et al. 2010a; Niu et al. 2010) . To investigate whether MRN functions by recruiting BLM to the ends, we compared the ability of BLM to unwind the 50-bp DNA (39-end-labeled) in the absence and presence of MRN. Figure 3B and Supplemental Figure S4C show that DNA unwinding in the linear range of BLM concentration was ;2.5-fold higher in the presence of MRN. MRN reduced the amount of BLM required to obtain maximum unwinding, which implied that MRN increased the affinity of BLM for DNA ends, thereby suggesting a recruitment function for MRN. MRN also enhanced BLM-mediated unwinding of a 39-tailed substrate by ;10-fold (in the linear region, at the lower BLM concentrations) ( Fig. 3C ; Supplemental Fig. S4D) showing that MRN also stimulated BLM binding to partially resected DNA.
MRN stimulates resection by EXO1
Having established a stimulatory role for MRN in resection mediated by BLM and DNA2, we next examined the influence of MRN on the nuclease activity of EXO1 using 39-end-labeled 2.7-kb dsDNA. EXO1 alone could degrade the DNA, albeit inefficiently (Fig. 4A, lane 5) (Nimonkar et al. 2008) . MRN alone had no nuclease activity (Fig. 4A,  lanes 2-4) , but it stimulated digestion by EXO1 to generate a smear of faster-migrating resection products (Fig. 4A,  lanes 6-8) . To verify that the intrinsic nuclease activity of EXO1 is responsible for resection in the MRN-stimulated resection reaction, we examined the effect MRN on EXO1 (D173A), a mutated form of EXO1 that lacks nuclease activity (Dzantiev et al. 2004 ). As expected, EXO1 (D173A) showed no activity (Fig. 4A, lane 9) , and addition of MRN did not result in any resection (Fig. 4A, lanes 10-12) .
RPA modestly stimulated (approximately twofold) the rate of resection by EXO1 (Fig. 4B [lanes 10-12] , C) and, in the presence of RPA, MRN further stimulated EXO1 by approximately threefold (Fig. 4B [lanes 7-9] , C). MRN also stimulated EXO1 nucleolytic activity by approximately fivefold when RPA was absent (Fig. 4B [lanes 4-6], C) . MRN lowered the concentration of EXO1 required for resection (Fig. 4D,E) , and the observation that substrate utilization at lower EXO1 concentrations is greatly increased by MRN suggests, minimally, that MRN recruits EXO1 to DNA ends. Finally, resection by MRN and EXO1 proceeded in the absence of ATP (Supplemental Fig. S4E ). Interestingly, yeast MRX could effectively replace MRN in the resection reaction (Supplemental Fig. S4F ), revealing that stimulation of EXO1 by MRN is not species-specific. This observation suggests that either MRN and EXO1 do not interact directly or the interface is conserved, as is the case for DNA2 and BLM orthologs. Recent studies concluded that yeast MRX stimulates Exo1 without directly associating with it , and that human CtIP but not MRE11 interacts with EXO1 (Eid et al. 2010 ). Finally, activation of MRN nuclease by substituting or adding Mn 2+ (Paull and Gellert 1998) did not generate resection products (Supplemental Fig. S5 ) due to the inability of one or more resection enzymes to function in the presence of Mn 2+ . Collectively, our data show that DNA resection by these proteins relies on the nucleolytic activity intrinsic to EXO1, and that both MRN and RPA are stimulators of EXO1-dependent resection.
MRN increases the processivity of EXO1-mediated resection
The results in Figure 4 , A-E, suggested that MRN could stimulate EXO1 by recruiting it to DNA ends, which agrees with a conclusion established for the yeast orthologs (Mimitou and Symington 2010; Nicolette et al. 2010; Shim et al. 2010 ). However, it was evident from our results that the extent of degradation was also altered by MRN, suggesting that perhaps MRN increased the processivity of EXO1. To examine this possibility, the processivity of EXO1was measured using a procedure established previously to demonstrate the effect of MutSa on EXO1 (Genschel and Modrich 2003) . In this approach, an ongoing EXO1 reaction is challenged with excess unlabeled competitor ssDNA, which binds any EXO1 that dissociates from the labeled substrate. Since the experiment relies on the ability of ssDNA to sequester free protein, RPA was omitted. Figure 4F shows that addition of the challenge ssDNA prior to initiation abolished DNA degradation by EXO1 in the absence as well as the presence of MRN, verifying that the ssDNA is an effective inhibitor of EXO1 activity (lanes 11-15,26-30) . Addition of the challenge DNA 1 min after formation of the protein-DNA complexes halted further degradation by EXO1 alone (Fig. 4F, lanes  6-10) , but did not significantly inhibit EXO1 activity when Figure S4D , plotted as a function of BLM concentration. The percentage unwound was obtained by expressing the amount of ssDNA as a percentage of the total signal. Error bars indicate standard deviation from three to five independent experiments and are smaller than the symbols when not evident. In B and C, this linear regime for DNA unwound as a function of BLM concentration was used to calculate the slope (DNA unwound/ [BLM]); this value was determined in both the absence and presence of MRN, and was used to define the fold stimulation by MRN.
MRN was present (Fig. 4F, lanes 21,25) . Also evident was the fact that substrate utilization but not the rate of resection is greater when MRN is present, confirming that MRN recruits EXO1 to the ends. Importantly, these data establish that MRN also enhances the intrinsic processivity of EXO1, evidently by remaining associated with the EXO1-DNA complex.
BLM increases the affinity of EXO1 for DNA ends but not its processivity
We showed previously that BLM also interacts with EXO1 to enhance resection of dsDNA (Nimonkar et al. 2008) . In that study, we suggested that BLM acts by recruiting EXO1 to DNA ends. To confirm this hypothesis and eliminate the added possibility that BLM was also enhancing the processivity of EXO1, we again performed the DNA challenge experiments using the gapped circular dsDNA substrate that had been used previously (Supplemental Fig. S6 ; Genschel and Modrich 2003) . BLM was devoid of nuclease activity (Supplemental Fig. S6B ), and increased substrate use by EXO1 (Supplemental Fig. S6, cf. A and C, lanes 1-5) . Addition of the challenge ssDNA prior to initiation abolished EXO1 activity in the absence as well as the presence of BLM (Supplemental Fig. S6 , cf. A and C, lanes 6-10). Addition of challenge DNA 1 min after initiation blocked further degradation by EXO1 (Supplemental Fig. S6A,C,  lanes 11-15) . Regardless of the presence of BLM, the size distribution of the degradation product was unaltered, showing that the processivity of EXO1 was unchanged by its interaction with BLM. In the presence of BLM, however, a smaller amount of intact substrate remained (Supplemental Fig. S6, cf. A and C, cf. lanes 11-15) , consistent with our previous interpretation of recruitment of EXO1 by BLM. We therefore conclude that BLM influences EXO1 by increasing its affinity for DNA ends.
Having established that MRN enhances the processivity of EXO1 (Fig. 4) and BLM increases the affinity of EXO1 to DNA ends (Supplemental Fig. S6 ), we next addressed whether MRN stimulated resection by EXO1 in the presence of BLM. Because the helicase activity of BLM is dispensable for stimulation of EXO1 (Nimonkar et al. 2008) , we initially omitted the ATP to eliminate complications due to BLM-dependent unwinding of the substrate. Furthermore, we established that ATP is also not required for the stimulation by MRN (Supplemental Fig. S4E ). Figure 5A shows that either protein stimulated DNA resection by EXO1 (lanes 4-6,10-12 ). In the presence of both proteins, resection was greater (Fig. 5A, lanes 7-9) , showing that both can contribute to the increased activity of EXO1. Quantification of the intact substrate remaining (Fig. 5B) shows that stimulation by BLM (;1.6-fold at 5 min) and MRN (;2.5-fold at 5 min) is reinforcing (approximately threefold at 5 min) but not synergistic. Finally, in the presence of ATP (Fig. 5C ), resection proceeds somewhat more rapidly (Fig. 5 , cf. C [lanes 10-12] and A [lanes 7-9]), and the replacement of BLM with the helicasedeficient mutant still results in stimulation, although the level is reduced to a level and product pattern that is more comparable with wild-type BLM in the absence of ATP (Fig. 5 , cf. C [lanes [16] [17] [18] and A [lanes 7-9]) than with BLM in the presence of ATP (Fig. 5C, lanes 10-12) .
Discussion
In this study, we biochemically reconstituted DNA end resection using human BLM, DNA2, EXO1, MRE11, RAD50, NBS1, and RPA. We established that two specific combinations of these proteins comprise components of alternate biochemical machineries for DNA end resection (Fig. 6) . The first consists of BLM, DNA2, MRN, and RPA, and resects DNA in a coordinated ATP-dependent manner: BLM plays the role of helicase, DNA2 resects the unwound DNA, and RPA enforces endonucleolytic cleavage in the 59 / 39 direction. The MRN complex enhances the efficacy of this reaction by recruiting BLM to the DNA end, thereby increasing the effectiveness of its helicase function. This complex can unwind and resect DNA for at least several thousand base pairs. The second consists of EXO1, BLM, MRN, and RPA. EXO1 serves as the 59 / 39 resection nuclease, BLM stimulates EXO1 by increasing its binding to DNA, and MRN both recruits EXO1 to DNA and increases its processivity. Although EXO1 can resect DNA ends by itself, BLM and MRN together make EXO1 a more efficient nuclease that can also resect thousands of nucleotides from DNA ends.
Resection by BLM, DNA2, RPA, and MRN Genetic, physical, and biochemical analyses in S. cerevisiae demonstrated a role for yeast Sgs1 and Dna2 in DNA end resection (Gravel et al. 2008; Mimitou and Symington 2008; Zhu et al. 2008; Cejka et al. 2010a; Niu et al. 2010 ). Here we established that the human orthologs BLM and DNA2 resect DNA in a similar but not entirely identical manner. Our biochemical findings show that BLM and DNA2 interact functionally, physically, and specifically to resect DNA. The ATP-dependent unwinding of dsDNA by BLM is required for DNA2-dependent resection, but the helicase function of DNA2 is dispensable; however, the nuclease activity of DNA2 is essential for resection. Despite being a bipolar nuclease (Budd et al. 2000; MasudaSasa et al. 2006) , our data show that, in presence of RPA, DNA2 resects only in the 59 / 39 direction. We demonstrate that the 59 / 39 resection polarity is established by the attenuation of 39 / 59 nuclease activity of DNA2 in the presence of RPA and, at the same time, stimulation of the 59 / 39 resection (Masuda-Sasa et al. 2006) . These key findings parallel those observed for the yeast proteins (Masuda-Sasa et al. 2008; Cejka et al. 2010a; Niu et al. 2010) .
Our biochemical results also demonstrate that MRN stimulates BLM-and DNA2-dependent resection by a mechanism that does not require the nucleolytic capacity of MRN. MRN stimulates by increasing the affinity of BLM for DNA ends by 2.5-fold to 10-fold (Fig. 3B,C) , indicating a recruitment function for MRN. Consistent with this interpretation, coimmunoprecipitation experiments showed that Xenopus DNA2 interacts with the NBS1 subunit of MRN (Wawrousek et al. 2010 ). This conclusion is also in agreement with studies in yeast that demonstrated that the nuclease activity of Mre11 is not essential for the 59 / 39 resection of HO endonuclease-induced DNA breaks (Llorente and Symington 2004) . In the physical absence of MRX, resection is kinetically delayed (Mimitou and Symington 2008; Zhu et al. 2008) , whereas in the nuclease-deficient strain, there is no delay (Llorente and Symington 2004) . Furthermore, the yeast Dna2 nuclease can substitute for MRX nuclease activity, but not for MRX protein, in DSB repair (Budd and Campbell 2009) . Also consistent with the recruitment concept, MRX interacts with Sgs1 (Chiolo et al. 2005) . Recently, biochemical reconstitution of yeast Sgs1-and Dna2-dependent resection established that MRX stimulates Sgs1 helicase by recruiting it to DNA ends (Cejka et al. 2010a; Niu et al. 2010) . Finally, biochemical reconstitution of resection using the Pyrococcus furiosus Mre11, Rad50, HerA, and NurA proteins also established that the nuclease function of Mre11 is dispensable (Hopkins and Paull 2008) . In vertebrates, the nuclease activity of murine MRE11 is essential for the repair of breaks that are created by ionizing radiation or I-SceI (Buis et al. 2008) . Ionizing radiation can chemically alter DNA ends, and I-SceI stays bound to one end after DNA cleavage (Perrin et al. 1993) , consistent with the view that MRN is required only when ends are chemically modified or altered so as to preclude resection by EXO1 or DNA2. We therefore conclude that, when DNA breaks are free of such impediments, MRN minimally serves as the platform for recruitment of other components (BLM and EXO1) of the resection machinery to the DNA end. MRN and CtIP may have an additional role that involves limited resection to Figure 6 . Model depicting DNA end resection pathways during DSB repair. DSBs caused by exogenous or endogenous sources (represented by the red symbol) can be free or chemically blocked. The blocked ends are indicated by red crosses. DSBs are bound by MRN (brown trimer), which can recruit CtIP (orange hexagon) to form one resection complex. Resection by MRN and CtIP is required to cleave the chemically blocked ends and can resect several hundred nucleotides, but is not essential for resection of the free DNA ends. However, processing in the physical absence of MRN is kinetically delayed (''slow processing''). MRN also functions to recruit the BLM-DNA2 (BLM indicated by blue hexamer; DNA2 indicated by yellow pac molecule) or EXO1-BLM (EXO1 indicated by red sphere) to the ends (''fast processing''). Subsequently, extensive processing (>1 kb) can proceed by either the BLM-DNA2-RPA (RPA indicated by pink trimer) or the EXO1-BLM-RPA machinery.
produce resected DNA with a short 39-ssDNA overhang (as in yeast, where only a few hundred nucleotides are resected by MRX) (Mimitou and Symington 2008; Zhu et al. 2008) ; such a resection could be minimally sufficient for DNA repair, or the tailed DNA could serve as an even better substrate for recruitment of BLM-DNA2 by MRN to the break site (Fig. 3C) .
Resection by EXO1, BLM, RPA, and MRN EXO1 is capable of degrading one strand of dsDNA in the 59-39 direction (Lee and Wilson 1999) . However, several studies have shown that that the activity of EXO1 can be increased by other proteins. For example, the mismatch repair protein MUTSa increases the processivity of EXO1 (Genschel and Modrich 2003) . Previously, we demonstrated that BLM also potentiates the activity of EXO1 (Nimonkar et al. 2008) . The salient feature of the BLM-EXO1 interaction is its ATP independence, which eliminates the requirement for BLM-catalyzed unwinding or translocation. This ability of BLM to modulate EXO1 distinguishes it from what is known about Sgs1 (Mimitou and Symington 2008; Zhu et al. 2008) . Our DNA challenge experiments confirm our prior observation that BLM enhances the affinity of EXO1 to a DNA end (Nimonkar et al. 2008) but does not affect the processivity of EXO1.
Our biochemical findings demonstrate that EXO1 is also stimulated by MRN. MRN increases the binding of EXO1 for DNA by ;10-fold (Fig. 4E) . In addition to recruiting EXO1 to DNA ends, MRN also increases the processivity of EXO1-mediated resection. This indicates that MRN presumably exerts its influence away from the break. Because the DNA challenge experiments also preclude reassociation of MRN with the EXO1 that is bound to the dsDNA being resected, this finding further implies that MRN is associated with EXO1 as it resects DNA. Our work thereby provides biochemical evidence for a stimulatory role of MRN during DNA break repair in conjunction with BLM and EXO1, and is in agreement with recent studies of DNA resection in yeast (Cejka et al. 2010a; Mimitou and Symington 2010; Nicolette et al. 2010; Niu et al. 2010; Shim et al. 2010 ).
The role of BLM
Individuals afflicted with Bloom syndrome display many clinical symptoms, including a predisposition of early cancer development (German 1993) , and Bloom syndrome cells manifest a high frequency of chromosomal exchanges (Luo et al. 2000) . The viability of individuals with Bloom syndrome demonstrates that functional BLM protein is not necessarily essential. The BLM protein, like its orthologs, functions in many steps of DNA break repair (Harmon and Kowalczykowski 1998; Chu and Hickson 2009; Cejka et al. 2010a,b) . Here we showed that, although BLM is an essential component of the DNA2-dependent pathway of resection, it is one of two stimulatory components of the alternative EXO1-dependent pathway. Thus, resection in blm À/À cells could bypass resection by DNA2 and employ EXO1 for DSB repair, as is the case for yeast cells defective for Sgs1 (Mimitou and Symington 2008; Zhu et al. 2008 ).
However, blm À/À cells display elevated levels of recombination, as measured by increased chromosomal crossing over (Luo et al. 2000) . This phenotype is a consequence of two other activities of BLM helicase and its orthologs: disruption of DNA pairing intermediates (Harmon and Kowalczykowski 1998; Bugreev et al. 2007 ) and the dissolution of double Holliday junctions (Wu and Hickson 2003; Cejka et al. 2010b ). The disruption of pairing complexes results in the elimination of recombination intermediates that can mature into Holliday junctions, and the dissolution activity results in recombinational DNA repair without crossing over. Thus, loss of BLM function would result in elevated crossover recombination. Finally, BLM functions with Topoisomerase IIIa (Chu and Hickson 2009) ; deletion of BLM would result in loss of Topoisomerase IIIa function, and could explain the lethality of BLM disruption and certain blm alleles (Chester et al. 1998; Luo et al. 2000) .
The role of MRN
The MRN complex is one of the first proteins to bind DSBs (Stracker et al. 2004) . It plays multiple roles in the DNA damage response, where it functions as a sensor for DSBs and also signals the existence of the break to downstream factors. In addition, MRX-CtIP has direct functions in the repair of the DSB (Sartori et al. 2007 ). In vivo, DSBs can be ''clean,'' where the break site is not chemically altered (e.g., from collapse of a replication fork at a nick, or artificially generated by cleavage HO endonuclease), or ''dirty,'' where the break site is modified by a damaged nucleotide or a covalent adduct (e.g., due to ionizing radiation or SPO11-dependent cleavage). MRN recruits CtIP, and the two constitute a resection machine that can perform limited processing. Recently, CtIP has been shown to interact with and affect the activity of EXO1 (Eid et al. 2010) . Although CtIP reduced EXO1 activity on nicked DNA, its preincubation with blunt-end DNA increased processing by EXO1; thus, perhaps the MRN-CtIP complex might act synergistically to recruit EXO1 to DSBs. Several lines of evidence, already outlined above, established that the nuclease activity MRN/MRX is not mandatory if the broken DNA ends are chemically normal. However, the resection activity of MRN and CtIP is especially critical when the ends are blocked with covalent adducts (Sartori et al. 2007; Gravel et al. 2008) . Regardless of the nature of the ends, MRN functions as an important recruiting factor to target DNA helicases and resection nucleases to the ends, a function that is conserved in S. cerevisiae as well (Mimitou and Symington 2010; Shim et al. 2010) .
Homologous pairing of resected DNA
Analyses in budding yeast indicate that resection of 100-200 bp is sufficient for efficient gene conversion (Mimitou and Symington 2008; Zhu et al. 2008 ). Nevertheless, longrange resection must play an important role during DNA repair, since sequences that are 2-3 kb away from the break site are preferred for homology search and repair (Inbar and Kupiec 1999) . In addition, given that resection in vivo occurs at ;4 kb per hour, the delay of more than an hour between induction of DNA breaks and the occurrence of strand invasion and DNA synthesis indicates that extended resection can occur before homologous pairing (White and Haber 1990; Zhu et al. 2008) . Such extensive resection also ensures repair with homologs that are not identical. In bacteria, the primary resection machine for DSB repair, RecBCD enzyme, resects as much as 30 kb of DNA (Dillingham and Kowalczykowski 2008) . This seemingly excessive resection is useful when the DNA break is opposite a heterology in the DNA pairing donor; in such cases, as much as 10 kb of heterologous DNA can be resected to reveal homology that is downstream from the break (Myers et al. 1995) . The extended resection observed in our reconstituted system is consistent with a role for resection over kilobase distances in DSB repair in human cells.
While the choice of processing pathway may be dictated by the nature of the break, the net result is the same: generation of ssDNA. The ssDNA tail then serves as the substrate for DNA strand exchange proteins that promote homologous pairing. Given that RAD51, the human strand exchange protein, interacts directly with BLM (Wu et al. 2001) , the presence of BLM in both machineries may not be a coincidence, since BLM may function to target RAD51 to the nascent ssDNA substrate. Indeed, we showed previously that BLM-EXO1-resected DNA is used by RAD51 for pairing (Nimonkar et al. 2008) . The in vitro reconstitution of DNA end resection using purified proteins described in this study significantly advances our understanding of end resection during initiation of recombinational DNA repair in humans, and opens avenues to study the connection between steps that precede resection in DSB repair and those that follow, such as DNA pairing and resolution.
Materials and methods
Nuclease and helicase assays
Reaction were conducted using 1.5 nM end DNA (2.7 kb [4 mM nucleotides]), 324 bp (0.5 mM nucleotides), or 50 bp (75 nM nucleotides) in standard buffer (20 mM Na-HEPES at pH 7.5, 2 mM ATP, 0.1 mM DTT, 100 mg/mL BSA, 0.05% Triton-X100 , MgCl 2 concentration as indicated) for 30 min at 37°C. For experiments with the short substrates (forked as well as dsDNA), the MgCl 2 concentration was maintained at 5 mM to avoid melting of the substrate. The concentrations of proteins are noted in each figure or legend. Variations in buffer components and incubation times are also similarly noted. Reactions were assembled on ice and initiated by transferring to 37°C. Reactions were stopped by addition of 2 mg/mL proteinase K, 50 mM EDTA, and 1% SDS (final concentrations) and incubating for 30 min. In the case of a 50-bp substrate, a 20-fold molar excess of the identical but unlabeled oligonucleotide was included in the termination buffer to prevent spontaneous reannealing of the unwound substrate strands. Products were analyzed by 1% native agarose gel (reactions with linear pUC19), 6% native polyacrylamide (reactions with a 324-bp fragment), or 12% native polyacrylamide gel electrophoresis (reactions with 50-nt dsDNA). All electrophoresis were performed using TAE (40 mM Tris-acetateat pH 8.0, 1 mM EDTA). Gels were dried on DE81 paper (Whatman), and visualized and quantified by storage phosphor analysis with a Molecular Dynamics Storm 860 (GE) using ImageQuant version 5.2. Data were analyzed using GraphPad Prism version 5.
EXO1 processivity assays
The assays to test the processivity of EXO1 were performed as described previously (Genschel and Modrich 2003) and are described in detail in the Supplemental Material.
Pull-down assays DNA2 and BLM (1 mg each) were incubated in standard buffer lacking ATP, MgCl 2 , and BSA and containing 175 mM NaCl and 50 mM imidazole for 30 min at 37°C. Ni-NTA magnetic beads (Qiagen) were added to a concentration of 1% and incubated for 30 min at 37°C with constant mixing. The beads were isolated using a magnet and washed (once with 50 mL and twice with 100 mL) with standard buffer containing 100 mM imidazole. The beads were resuspended in loading buffer. Fractions were analyzed by 10% SDS-polyacrylamide gel electrophoresis and Sypro Orange staining (Molecular Probes).
